Laser forming offers the industrial promise of controlled shaping of metallic and non-metallic components for prototyping, the correction of design shape or distortion and precision adjustment applications. The potential process advantages include precise incremental adjustment, flexibility of application and no mechanical 'spring-back' effect. However, the asymmetric nature of laser forming of sheet material using conventional beam delivery methods along multiple, continuous irradiation lines means that the energy input cannot readily be uniformly distributed across the work-piece, both spatially and temporally, and each successive portion of the irradiation sequence is effectively being applied to a part or surface of different shape to that earlier in the sequence. Hence, a high degree of uniformity of shape (curvature variation) in the resulting laser formed part can be difficult to achieve in practice. The use of scanning optics is therefore now being investigated as a possible route to achieve a more uniform temporal and spatial distribution of the laser energy, by applying the laser energy in pulses and scanning the beam rapidly across the sheet surface. In addition, as the material thickness decreases it becomes more difficult to induce high thermal gradients with conventional beam delivery methods due to speed limitations. Scanning optics allow higher traverse speeds and hence high thermal gradients in thin sheets and foils to ensure positive bending via the Temperature Gradient Mechanism (TGM).
Introduction
Laser forming (LF) is a non-contact method of 2D bending, 3D shaping and precision alignment of metallic and non-metallic components using laser energy. The process is achieved by introducing thermal stresses into the work-piece by irradiation with a loosely focussed laser beam, which gives rise to controlled elastic-plastic deformation or buckling. Several mechanisms have been identified to explain the behaviour of components under the influence of this process, each being the effect of a specific combination of laser process parameters, part material and part geometry [1, 2, 3] . For those mechanisms that can induce out-of-plane bending, the bending is coincident with the irradiation path. Depending on the active mechanism and the part geometry, a number of passes or scans of the laser beam may be required to achieve the required final degree of bending or forming. The laser forming mechanisms and models with potential applications were the subject of a comprehensive review by Magee in 1998 [4] . There has been much research on laser forming since the mid-1980s [5] [6] [7] [8] , mainly in addressing potential applications of thicker section 2D and 3D laser forming for ship construction and aerospace sectors.
The application of LF to micro-scale components is currently generating increasing interest, with several groups recently undertaking studies on a varied range of materials and potential uses [9, 10] .
Experimental
LF experiments have been carried out on thin metallic sheet samples, using a pulsed Nd:YAG laser marking system re-configured for small to micro scale LF experiments. The system employs a Q-switched, lamppumped Nd:YAG laser, operating at 1064nm wavelength and a maximum average power of 47W. The laser beam scanning head is integral to the system and uses galvo-driven mirrors to scan the 0.2mm diameter focussed spot over a surface area of up to 200mm by 200mm square, at scan speeds of up to 1000 mm/sec. A large field correction lens located between the scanning head and the processing table maintains the focus across this flat working area. Although pulse repetition frequencies 0-2kHz can be selected, the experiments here were carried out with the laser operated in 'continuous wave' mode where there is no separation of individual pulses at the material surface. However, the control system could be set to give a sequence of dashed or segmented lines of various lengths distributed along a single linear path (for 2D LF) or at selected locations across the material surface (3D LF). The work-piece location and clamping area is enclosed in a 'light-tight' cabinet with interlocked door to provide Class I laser safety classification. The optics of the laser system have been configured to give a beam spot size (diameter) at the work-piece surface of 0.2mm, this being checked during the experiments by irradiating Kapton film and observing the mark under a microscope. The vertical position of each work-piece placed beneath the incident beam on the processing table / jig is set by monitoring the convergence of the spots from two separate low-power laser diodes mounted inside the marking chamber and angled with respect to the workpiece table surface. This ensured that the surface region of each sample to be irradiated would remain within the depth of focus of the beam, resulting in the beam spot diameter being 0.2mm for all test samples. A laser power calibration test was carried out to validate the percentage power values selected via the operating software. An on-line laser triangulation sensor has been incorporated into the processing enclosure to measure bend angle after one or more passes for the 2D case (as per Fig.1 ). The 50mm x 50mm square mild steel samples used in the series of experiments were prepared by mechanical cutting of the material from large coiled rolls of various widths. All samples were processed in the same direction relative to the rolling direction of the original sheet, in that the scan line was orthogonal to the rolling direction. To reduce the noise in the height sensor signal due to variations in reflection from the sample surface, the area of the sample surface beneath the sensor beam was coated with graphite. A specially designed sample-mounting jig was fitted into the process cabinet of the laser system. The jig included a marked grid and sample keying arrangement allowing the position of each sample to be located more accurately and a detachable clamping bar, to allow that part of the sample not deformed to be held in position in a repeatable manner. Fig.2 shows a sample being laser formed and indicates the said clamping arrangement and diode laser sensor for on-line measurement of bend angle. 
Sensor beam
Laser forming beam h irradiated sequentially. For 2D LF, all samples were of 0.2mm thick mild steel shim. The number of passes applied was from 5 to more than 100, in increments of 5 passes. The maximum bend angle captured by sensor was 65 degrees. Different dwell times between passes were also used. For 3-D LF, the effects of an extensive range of scan line irradiation patterns were explored using samples of shim steel with sizes of 50 x 50mm, 100x100mm and 152x152mm and sheet thickness of 0.2mm, 0.25mm, 0.38mm and 0.51mm.
After laser forming, metallographic micro-sections of a number of samples were prepared. The sections were taken perpendicular to the heated surface and to the direction of the laser beam displacement on the sample. The width and depth of the heat-affected zones (HAZ) were then determined by visual examination using an Olympus light microscope. Photomicrographs were taken at magnifications of x100, x200, x500 and x1000. The microhardness (HV0.1) was measured using a Type HVS-1000 Vickers micro-hardness tester (TIME Technology Europe). Microhardness distributions through the cross-section depth of the HAZ were then determined (as illustrated in Fig.3 ). 
Results and Discussion

2D Laser Forming
The samples were irradiated along a single irradiation line across the centre of the sample width, with one of 3 types of scan strategy: either straight-line scans of the same direction (called "single direction"), straightline scans of alternating direction (called "alternating direction") or dashed straight-line scans of opposing direction and sequence (called "dashed line"). The number of passes applied was increased in steps of 5 passes, up to well over a hundred passes per sample in total. Figs. 5 & 6 show the resulting variation in bend angle with number of passes for up to 30 passes of the irradiation sequence. Measurements of the bend angle were made on-line after each pass sequence and the procedure was repeated 5-10 times for samples using scanning speeds in the range 30-100 mm/s and for several values of laser beam power. Fig.7 shows the corresponding results for variations in scan speed from 30 up to 100mm/s, with constant beam power and consistent dwell time, and for single direction scans. The effect of the orientation of the scan line in relation to the direction in which the sheet had been rolled ('a' refers to scans across rolling direction, while 'b' refers to scans along the rolling direction) is also shown to be small. Figs The highest bend angle per pass was observed when using the dashed line irradiation sequence. It is not fully understood why the dashed line case should yield a higher degree of bending, although similar results had been obtained earlier in this work [11] , where the difference was thought to be due to a 'heat corralling' effect of the outwardly progressing, dashed irradiation sequence, which leads to a reduced cooling cycle phase per pass. Furthermore, analysis of video recordings of the LF process in action indicates that the 'waving' motion of the sample edge during LF (also observed in other investigations [12] ) is less significant for the dashed line case compared to that for single or alternating full lines. This waving motion observed with thin section samples illustrates the asymmetry of the LF process and appears to confirm the real-time development of bending moments within the sheet, as suggested by earlier strain gauge analysis work on LF of larger scale samples [13] .
It is also possible that segmenting the overall line into an increasing number of smaller dashes leads to an effective reduction in the mean scan speed over the surface (compared to a single full line scan at the same nominal scan speed selected via the laser control functions), hence an increase in the bend angle per pass. This would be due to the fact that the beam deflection optics take a finite time to change direction and position to achieve the requested dash sequence, despite what acceleration / deceleration values the control system and optics may be attempting to apply to meet the required scan speed selected by the operator. This effect has been observed previously in laser marking operations, where the effective run time for a sequence of separate dashes is found to be longer than that for a single continuous scan line of the same overall length, unless the laser control system is able to adjust the scan speed to compensate. It has not been possible at this stage to carry out tests to confirm whether this potential anomalous effect may account for the increase in bend angle per pass for the dashed line irradiation. 
3D Laser Forming
A number of experiments were carried out to study the 3-D LF effect of various multi-line, multi-pass irradiation strategies. For example, using an elliptical arc scan strategy (depicted in Fig.12 ), symmetric hybrid part cylinder shapes have been successfully laser formed (Fig.13) . Here, the processing parameters comprised laser beam powers in the range 25-40W, beam diameters of 0.2mm (equivalent to the thickness of the samples) and scan speeds in the range 50-200mm/s. The largest sample size to be successfully laser formed was a square sheet of 152mm by 152mm.
Fig.12 Elliptical arc scan strategy
The hybrid part-cylinder shape obtained using the scan strategy in Fig.12 is shown in the photographs of Fig.14 Contour plot of 152x152x0.2mm mild steel sheet, after 3D LF using the elliptical arc scan strategy (using conditions as per Fig.13 )
The contour plot shown above (Fig. 14) (using the given parameters) successfully produced a very symmetrical hybrid part-cylinder shape with excellent repeatability. In addition increasing the number of passes up to 300 does not affect distortion significantly (Fig.15) . Fig.16 Contour plot of 152x152x0.2mm mild steel sheet, after 3D LF using the elliptical arc scan strategy (30W beam power; 100mm/s scan speed; 100 passes per scan line; 190x195mm scan pattern)
Metallurgical Analysis
Macroscopic visual observation of the surface region irradiated by the laser (HAZ) indicated that in most of those samples some melting occurred after 10 passes, for scan speeds below 50mm/s (Fig.17) . The size and shape of the hardened zone were changed after each single pass. A distortion of the HAZ geometry was noticed when the bend of angle approached 65 degrees (Fig.18) . The reason could not be symmetrical irradiation via laser beam and sample clamping to aluminium jig (one part of sample was border on aluminium block clamping by aluminium bar, while the second rising part was in air (different thermal conductivity and change shape of spot size on the irradiation surface). It is known that the 0.2mm mild steel was hot rolled, thus the structure is characterised by strong internal work hardening. Analysis of the microstructure after laser forming showed that recrystalization was evident and the microstructure was re-transformed into equiaxed grains. In the final phase after laser bending, fine-grained microstructure was observed, which consisted of bainite and fine-lamellar pearlite. The micrographs In Fig. 21 , the depth and width of the HAZ are plotted against the number of LF passes. Visual microscope observation affirmed that, as was expected, the depth and width of hardened zone was seen to increase with decrease of scan speed and a thickening effect occurs. To examine the effect of laser forming on the hardness of the surface layers, verification was made by HV0.1 micro-hardness tests through the depth of the crosssection and along the cross-section (at a depth of 0.03-0.04 mm) of the laser treated area. Micro-hardness distributions through the depth of the laser irradiated cross-section after laser forming are presented in Figs. 23-28, noting that the micro-hardness of the mild steel samples before laser forming was measured to be 239-275 HV0.1. As a result of laser forming, the micro-hardness of the irradiation zone increased up to maximum 550 HV0.1. However, the micro-hardness of the hardened zones after more than a hundred of passes was similar to that after only a few passes (as seen in Figs. 23 & 27). These results suggest evidence of a work hardening effect due to LF, particularly since the irradiated surface has undergone melting after more than 10 passes. Work hardening is one of the factors that has been suggested could contribute to the fall off in rate of bending as the number of passes is increased. 
Conclusions
A Nd:YAG laser marking system with scanning optics has been used successfully to achieve 2D and 3D laser forming of thin-section steel sheet. The galvo-driven mirrors allow high scan speeds of up to 1000mm/s to be attained. In consequence, a more uniform overall energy distribution can be applied across the surface of the work piece during laser forming and thus more uniform shapes can be achieved. No special coating is required for enhancement of laser beam absorption.
In the work on 2D laser forming, an on-line laser diode based height sensor has been incorporated into the laser processing system to provide bend angle measurements after successive passes of laser forming.
The effect of different scan strategies (single, alternating and dashed line) on the bend angle per pass was investigated. The highest bend angle per pass was observed when using the dashed line irradiation sequence. It is not fully understood why the dashed line case should yield a higher degree of bending, although similar results had been obtained earlier in this work [11] , where the difference was thought to be due to a 'heat corralling' effect of the outwardly progressing, dashed irradiation sequence, which leads to a reduced cooling cycle phase per pass. Furthermore, analysis of video recordings of the LF process in action indicates that the 'waving' motion of the sample edge during LF is less significant for the dashed line case compared to that for single or alternating full lines. This waving motion observed with thin section samples illustrates the asymmetry of the LF process and appears to confirm the real-time development of bending moments within the sheet.
It was also considered that segmenting the overall line into an increasing number of smaller dashes leads to an effective reduction in the mean scan speed over the surface (compared to a single full line scan at the same nominal scan speed selected via the laser control functions), hence an increase in the bend angle per pass.
In the work on 3D laser forming, using an elliptical arc scan strategy, hybrid part cylinder shapes of uniform geometry have been successfully laser formed from samples of 0.2mm thick mild steel sheet, with the following sizes: 50x50mm, 100x100mm, 152x152mm, 100x52.5mm, 160x50mm, 177x50mm and 180x50mm. The processing parameters were 30W, 0.2mm diameter spot size (the same as material thickness) and a scan speed of 100mm/s.
Experiments were also carried out on a number different thickness of material, ranging from 0.2mm up to 0.51mm. The maximum thickness that could be successfully laser formed using this laser system was found to be 0.51mm.
To produce a uniform hybrid part cylinder shape by 3D laser forming, it was found that the elliptical arc scan tracks must be symmetrical along the short as well as the long edge of the metal sheet and (logically) must have a centre coincident with the centre of the sheet. For all obtained shapes, any pre-stressing of the used material has a significant effect on the degree of laser forming and distortion of the final part.
Future work will include the development of an on-line shape monitoring system for 3D laser forming and irradiation strategies involving line segmentation in different sequences for 2D and 3D laser forming. In addition, it is thought that analysis of the dynamic surface contours and the strain and temperature fields during the full and dashed line sequences will lead to a better understanding of the process and the capabilities of scanning optics for 2D and 3D laser forming.
